An attempt is made to clarify the fundamental physical basis of the intrinsic characteristics of unstable elementary particles and to replace the conventional, purely phenomenological, description in terms of decaying states and complex energy levels, by definitions which are consistent with general requirements of relativistic quantum mechanics like Hermiticity, unitarity, and causality. l. INTRODUCTIOÑ~F the sixteen known "elementary" particles, all but four are unstable. In spite of this, no theory of unstable particles exists which is consistent with the general properties of relativistic quantum mechanics. This is particularly unfortunate since most of the recent significant progress in elementary particle theory has been made through the application of these general principles.
The conventional treatment of decays is a kind of "adiabatic" approximation. The particle is first tacitly assumed to have a definite mass, M. For simplicity consider P to be a Bose particle. We assert that the properties of the unstable particle p are determined by a density matrix p-s(P.)
p=&IP.~& , &P.,&l.
( 2 6) We can write the spinor matrix Note that the summation is only over 2X states, but includes all the variables required to define these states, in addition to the energy and momentum.
For an unstable fermion of spin one-half, the final states must carry an additional label, which denotes the spin direction and particle-antiparticle character of the final state. We denote this variable explicitly by a, P. Then the unstable particle is described by a density matrix psp(ps)dps p(ps)dps
( 2 3) M2&4m2.
The last equality holds since p(p') vanishes unless the vectors p"are time-like. By definition, 1 t.
=-~t rI (p -3II)'p)dp J trg)dp'. (2.10) 2Ĩ f the particle is described by a local, causal, relativistic field lt (x), we postulate that
The inverse lifetime is determined by the spread of 0(po)pas(p)d'P the mass values about the mean. where Ii is some functional of the 6eld x referring to the stable y particle of mass m. Then a theorem of Lehmann' states that for such an equation, irrespective of the actual form of P, p'p(p') dp'~p(p')dp'.
(3.2)
This was just our definition of 3P, and so we have
For FLx] we make the usual assumptioñ =gX .
In the limit g -&0, we have p=8(p' -M'). Lehmann's theorem' states that the effect of the decay interaction for the model particle is to spread this 6 function into a 6nite mass distribution about the same mean value. To obtain an approximate expression for the small g, we make use of the exact expression where
According to Dyson, ' p(ps) has the form of a "Cauchy" r=x' which appears in the Fourier transform, n(r)=(2s-) ' X J'ti(h)e'"~d4h.
PHYSICAL INTERPRETATION OF p
To give a complete theory of unstable particles it would be necessary to consider not only the "static"
properties such as mean mass and mean life, but also the dynamics of the particle interactions -its production and scattering. In principle, these two aspects cannot be separated since conceptually the end products of any complete interaction must be regarded as stable.
(One can only discuss the production of unstable particles in the approximation in which they are regarded as stable. ) To treat unstable particles on an exact basis, it is necessary to consider both the production and the decay process together. The density p through which we have defined the mean mass and mean life is related to the probability distribution of the Q values of the decay products in a production and decay chain, such as sr + p -+ x +Z'~x'+h.'+y. (For this discussion we treat E as stable. ) The experimenter observes the Q values of the A+y. These show a sharp peak (due to "real" Z's) and a diffuse spread (due to "virtual" Z's, or direct A. production with radiative y's from the original charged particles). We shall assume that these parts of the Q spectrum can be clearly separated. Our p is closely related to the shape of the sharp peak (which has a width 10 kev due to the uncertainty principle, corresponding to the mean life 10 's sec). In order to give a precise definition of p in terms of this shape, it is necessary to extract the dependence of the shape on the particular production process, which has been selected. This, together with the dynamic properties of the unstable-particle problem, will be considered in a separate paper.
If the lifetime of the particle (or bound state) is even shorter than the 2' lifetime, the distinction between the sharp and diffuse parts of the Q spectrum become obscured. In this case the particle shows itself most clearly as a resonance. In the terminology of the previous section, we may consider the scattering of the decay products -the two x particles. The total cross section is related by the optical theorem to the imaginary part of the forward scattering amplitude. If this may be assumed to be purely resonance scattering with the p particle as intermediate state, the scattering amplitude is proportional to the p-particle propagator (Fig. 1) . The imaginary part is just p, apart from numerical factors. Thus within the severe limitations of the approximation, the total cross section provides a measure of p. Even in the case of a relatively long-lived particle the consideration of the resonance in the elastic scattering of the decay products may provide the clearest theoretical means to isolate p. Thus, conceptually, p for neutron decay would be given most clearly by the spread of the so-called "bound-state" term in the conventional tr+p scattering dispersion relations.
It will be remarked that from the point of view proposed here, stable and unstable particles are treated on a precisely equal footing. The basic quantities are the fields and their associated spectral functions. The notion of a particle is a qualitative one which is related to the peaks in the spectral function. If the width of the peak is of the order of the m-meson mass, the mean life is approximately 10 " sec, but the mass spread of the "particle" may then be observed through the resonance in the scattering of the particles into which it decays.
(The "33" resonance of the s=nucleon system is a S. DISCUSSION A more detailed analysis of the structure of unstable particles would require information on the higher moments of the distribution. As long as the particle is described by its 6rst two moments only -the mean mass and mean life -the conventional treatment in terms of a complex mass provides an adequate phenomenological description.
To bring the discussion of the model particle nearer to reality, let us suppose that it has two interactions: a weak decay interaction into two particles of mass ns", specified by a coupling constant g"; and a strong interaction with particles of mass m"(M'(4rts, '-) , and coupling g, . The complete spectral function is p(g"g").
The forms of p in the various approximations of letting one or other, or both, of these interactions become zero are shown in Fig. 2 . Mo is the so-calIed "bare" mass and the forms of p follow directly from the discussion of Lehmann' and its extension given below. " "It may be necessary to modify the de6nitions of mass and life time to conform more closely with experimental practice. One simple procedure is to limit the integrations in Eqs. (2.2) and (2.4) and set the upper limit=4m, s. A discussion for the realistic cases will be published elsewhere.
FIG. 2.
A schematic drawing of the forms of the spectral function of a strongly produced (g,) and weakly decaying (g") particle in various limits in which the different couplings are taken to be zero. The heavy lines denote 8 functions. Note that any sharp peak in p may usefully be interpreted as an unstable particle, and in this way a single Geld may represent more than one unstable particle.
"particle" of this type. ) For mean lives greater than 10 ts sec (corresponding to mass uncertainties of less than 1 ev) the mean life is experimentally the more accessible quantity, and the fundamental uncertainty in the mass is masked by experimental errors. The stable particles are those peaks in the spectral functions which can be approximated by 6 functions. Postulating the appearance of a 6 function in p, corresponding to each stable particle, is equivalent to the existence of asymptotic 6elds in the axiomatic approach.
From The components of the so-called canonical energy-stress pseudotensor in general relativity may be thought of as the generators of infinitesimal coordinate transformations corresponding to a rigid parallel displacement of the coordinate origin, just as in Lorentz-covariant theories. In this paper it is shown that the canonical expressions, as well as the expressions proposed by Landau and Lifshitz and the expressions for the angular momentum density, are all special cases of an infinity of conservation laws whose pseudovectors generate arbitrary curvilinear coordinate transformations. This approach enables us to construct the transform of every one oi these conservation laws under an arbitrary (6nite) coordinate transiorrnation. Finally it is shown that every one of these conservation laws may be used to obtain a surface integral relationship that describes the motion of singularities in a general-relativistic theory. It is concluded that there is an infinite number of parameters that describes a singularity of the field, a fact that had previously been in doubt.
INTRODUCTION
HROUGHOUT mechanics and field theories, it is well known that the fundamental conservation laws are related to the universal invariance properties of physical laws, e.g. , the conservation of linear momentum to the invariance with respect to displacernent of the coordinate origin; the conservation of energy depends likewise on invariance with respect to the choice of the origin of the time scale (the instant t=0), and the conservation of angular momentum on the invariance with respect to orthogonal transformations in three-space. This somewhat unsatisfactory situation has been complicated further by the discovery of another expression in general relativity which also obeys a set of equations of continuity, by Landau and Lifshitz. ' Gold-' P. von Freud, Ann. Math. 40, 417 (1939) .
' P. G. Bergmann and R. Schiller, Phys. Rev. 89, 4 (1953) .
